SUPPLEMENTAL FIGURES
. Theoretical model predicts asymmetric cell division ought to be uncommon, related to Figures 1 and 2 and to Movies S1 and S2.
(A) Visualizing the angle of division of a cell in 2D, shows that for any given random cleavage, there is a 33.33% chance (green dashed line) of an asymmetric division (where asymmetric divisions are classified as angles of division ≤ 30°). However, divisions occurring over many orientations in 3D space can have the same angle of division. Visualizing this in 3D, the probability of a division angle is proportional to the surface area of a sphere at that angle (colored spherical zones). Therefore, if division orientation is random in 3D (black dashed line), theoretically only 13.4% of divisions should be asymmetric. (E) The reduction in the number of inner cells caused by the myosin II siRNAs, compared to control siRNA, can be rescued by co-injection with GFP-myosin II RNA.
(F) Example of failed apical constriction in embryo microinjected with myosin II siRNAs; n = 5 cells from 5 embryos; arrowheads show division plane.
(G) Following symmetric division one daughter cell (red cell in F) shows signs of apical constriction (red triangles), but fails to internalize. Apical surface area decreases compared to the outer sister cell (red circles), but does not reach the level of a fully internalized cell in a control embryo (black triangles).
(H) Example of embryo microinjected into one cell at the 2-cell stage with GFP-MyoII RNA.
(I) Quantification shows higher fluorescence intensity level at junctions between cells undergoing apical constriction and GFP-MyoII-positive neighbors, than the GFP-MyoIInegative neighbors; n = 4 cells from 3 embryos.
(J) Quantification of inner cells and cell sphericity in 16-cell stage embryos microinjected with control siRNA and E-cad siRNA. The effect of siRNA can be rescued by co-injection of Ecad-GFP but not of E-cad lacking its intracellular domain (E-cad-ΔICD-GFP).
Data are represented as mean ± SEM. p values calculated by Student's t-test. In D, E and J n represents number of embryos. Scale bars, 10 µm. Example of an 8-cell embryo expressing memb-mCherry imaged with two-photon microscopy and computationally segmented. After segmentation all cells are followed in 4D.
One of the cells (yellow cell) divides symmetrically and allocates one inner daughter cell (red cell) by apical constriction. 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES
DNA and RNA work. The E-cad-GFP and memb-mCherry constructs were described previously . The sequence for human nonmuscle myosin IIA (Addgene: 11347) was cloned downstream of GFP in a pCS2 vector. RNA transcription and purification was performed using pCS2 vectors and the mMESSAGE mMACHINE® SP6 kit (Ambion) and RNAeasy kit (Qiagen) following manufacturer's instructions. RNA for membmCherry was injected at 30 ng/µl, E-cad-GFP and GFP-Myosin II at 50 ng/µl and Utr-GFP and GFP-α-cat at 75 ng/µl. siRNAs (Qiagen) for Scrambled (Ctrl_Allstars_1) E-cad Cell segmentation and 4D tracking. We used the 3D and 4D imaging data of embryos expressing memb-mCherry or E-cad-GFP for cell segmentation. The membrane data stack corresponded to a region of interest of 106 µm x 106 µm x 89 µm (lateral resolution 0.208 µm pixel -1 , axial resolution 1 µm pixel -1 ). Using custom software, the membrane label stacks were binned using a Hermite interpolation filter and interpolated axially using cubic spline interpolation scheme, to obtain a data stack with equal lateral and axial resolutions of 0.416 µm/pixel. A median filter (3 pixels window size) was applied to the data stacks for minor noise reduction. A fissure enhancement approach (Shamonin, 2012; Lassen et al., 2013) was used in conjunction with Gaussian smoothing to enhance the membrane data within the data stack. This fissure enhancement technique rates the strength of membrane structure within the image and reduces noise. The filtered membrane data was used to prepare the cost image for watershed segmentation using FEI Avizo 8 (Visualization Sciences Group) software. The membrane was segmented out of the filtered data by thresholding and an image closing technique was used to close any gap in the segmented membrane data. A distance transform was applied to the binary membrane data (segmented) and inverted. The brightest (maxima) pixels within this map were used to estimate the position of the cell centers. Watershed segmentation was applied to the segmented membrane data using the cell center data as markers to segment the cells from the membrane data stack. This Other quantitative measures such as cell volume and cell surface are readily available. We quantified both the total surface area of any given cell, A total , as well as the apical surface area, A apical of the cell using custom software. We plotted the apical surface area ratio, which we define as the ratio between the apical surface area and the total cell surface area to classify between the different cell division behaviors. In addition to apical surface area ratio, we quantified the distance between the cell COM and the embryo COM (Figure 2 ).
Analyses of level and distribution of proteins and transcripts. Expression levels of E-
cad-GFP, GFP-α-cat, Utr-GFP, and GFP-Myosin II were quantified by measuring fluorescence intensity and normalizing to memb-mCherry within the same cell using ImageJ.
A red-to-blue color palette was used to illustrate high-to-low intensity in displayed images.
Total mRNA was extracted using the Arcturus PicoPureAR RNA Isolation Kit (Applied Biosystems) in combination with the RNase-Free DNase Set (Qiagen) according to manufacturer's instructions. Quantitative RT-PCR was performed using the TaqManAR RNA-to-CT 1-Step Kit (Applied Biosystems) and an Mx3000P QPCR system (Stratagene).
Quantification was performed using the comparative Ct method with normalization to betaactin.
Primers were as follows: MyoIIA (F) GAAGAAGGTGAAGGTGAACAAGG, (R) TCTGTGATGGCGTAGATGTGG; and beta-actin (F) GTCCACACCCGCCACCAG, (R) TGACCCATTCCCACCATCAC.
Contact angle measurement. Contact angles were calculated at cell-cell junctions of the 3D segmented embryo. The contact angle is measured between the apical surface and cellcell basolateral surface ( Figure 3A) . The line of intersection between two cells and the basolateral surface was determined by applying a spline interpolation to the set of points along the junction, which have been ordered through solving a travelling salesman problem.
Angles were measured at multiple points along the junction. Two surfaces defined by a second order polynomial were fitted to neighboring points along the apical and basolateral surfaces, allowing calculation of the angle between the cells.
Projection to a 2D surface. The apical surface area of the embryo exposed to the zona pellucida was projected onto a sphere by ray casting from the center of mass of the embryo.
An equal-area map projection known as the Hammer projection was applied to the sphere to obtain the 2D projected map of the apical surface.
FRAP.
FRAP experiments were performed with a Zeiss C-Apochromat 40X/1.20 objective at 7X zoom magnification. A 4 µm x 4 µm region of interest (ROI) was photobleached with 100 % 488 nm laser power. Mean ROI fluorescence intensity was corrected by background fluorescence and normalized to the mean intensity ratio between pre-and postphotobleaching from a non-bleached membrane region. The pre-bleaching intensity value was taken as 100%. Normalized fluorescence intensity I(t) data were fitted with a single exponential function:
Where I(0) is the fluorescence intensity immediately after bleaching, I ∞ is the fluorescence intensity when the intensity riches a plateau and τ is the characteristic time. The mobile fraction was calculated as
and the half time as ln (2).
Cell shape analysis. The Wadell sphericity index (Wadell, 1932) was used to define cell sphericity:
where Vol is the cell volume and A total is the total surface area of the cell as calculated by our custom software.
To determine the curvature of cells ( Figure 7F ), cell junctions were traced as ROIs and circles were fit to each ROI with ImageJ. The curvature of the cell-cell boundary was determined by the radius of the fitted circle. For ablation of the apical membrane we adapted techniques previously used in other systems (Mayer et al., 2010) . Six equidistant 0.5 µm radius circular spots were scanned at 1 µs pixel -1 along a 5 µm line of the apical cortex in embryos expressing Utr-GFP. We quantified field velocity for pre-and post-ablation images using PIV (Samarage, 2012) . The velocity component orthogonal to the ablation line was averaged in a 5 µm x 3 µm region to obtain V 0mean . Control velocity measurements were obtained with the same approach from the pre-ablation image. We calculated the velocity for each time interval and obtained V 0fit by exponential fitting. Decay constants were not significantly different between different ablation regions, indicating homogenous cortex stiffness (Mayer et al., 2010) . For the junction ablations, we monitored normal membrane integrity by the progressive recovery of membmCherry labeling along the ablated junction or Utr-GFP at the apical cell cortex, which were evident 10-30 sec after ablation. We also assessed that after ablation some of these cells (n = 10) undergo apical constriction and can be found in the inner region of the embryo following the 16-cell stage, indicating cell integrity is maintained. We excluded from analysis cells damaged after ablation, which represented 22% of the cases. In these cells the ablation produced a large tearing of the plasma membrane visible by DIC immediately after ablation, with obvious spilling of cytoplasmic material. For Figure 5M , four junction laser ablations were performed at the same time and the region around the ablated cell was tracked in 4D
by time-lapse confocal microscopy using APDs for detection. We verified that these ablated embryos continue to develop following the 4x junction ablation protocol. Embryos showing signs of photodamage due to mistargeting of the laser were readily noticeable and excluded from analysis.
Live identification of apical constriction. For the laser ablation experiments we identified cells undergoing apical constriction by their characteristic change in morphology compared to their neighbors. In line with our segmentation results (Figure 1 ), constricting cells progressively shrink their apical membrane, their apical borders become more rectangular and they adopt a cuboid 3D shape. Ablations were performed when constricting cells had shrunk their apical surface by 50 to 70% of their original area. We tracked some of these cells in 4D to confirm they complete internalization and integrate in the internal region of the embryo (n = 10/10 tracked cells).
PIV analysis.
Instantaneous PIV measurements were made using custom in-house software (Samarage, 2012) .
Statistical analyses.
Statistical analyses were performed with GraphPad Prism and Matlab software. Unpaired, two-tailed Student's t test was used, with data represented as mean ± SEM. For strength of p value estimates we always assumed unequal variances. The experiments were not randomized, and no statistical method was used to predetermine sample size. Reproducibility of all results was confirmed by independent experiments. All experiments were repeated a minimum of three times.
